We introduce, analyze, and experimentally demonstrate a compact semiconductor-based scheme for a femtosecond-scale partial fourth-order coherence g ͑4͒ measurements. The scheme is based on a start-stop photon-counting Hanbury Brown and Twiss (HBT) interferometry of an upconversion-based Michelsoninterferometer autocorrelation. The experimental realization employs second-harmonic generation in a semiconductor quantum-well structure, which may be further integrated with the HBT setup as a miniature photonic circuit, allowing compact characterization devices for photon-pair statistics in quantum photonics and quantum information processing. [12] can have both super-and sub-Poissonian statistics in contrast to a Poissonian one of a one-photon laser. A fast g ͑4͒ measurement may therefore serve for characterizing photon statistics at the threshold of a twophoton laser, having a very wide bandwidth inherent in a two-photon emission process [13] . However, the time-resolution of a g ͑4͒ scheme, based on HBT interferometers only, is limited by detectors and electronics to a nanosecond scale, while the fastest previously demonstrated method is limited to ϳ10 ps by the streak camera response. Moreover, the inherently bulky streak camera design that allows the ϳ10 ps time-resolution prevents the miniaturization of such schemes.
Various classical and quantum properties of light are characterized by the second-order coherence function g ͑2͒ . Michelson-interferometer-based measurements of g ͑2͒ [1] are widely employed for femtosecond optical pulse autocorrelation, spatial techniques allow single-shot femtosecond correlation measurements [2] , whereas the Hanbury Brown and Twiss (HBT) interferometer is the most widespread means of demonstrating photon bunching in chaotic light [3] and antibunching in nonclassical sources. For an ondemand [4] or a heralded [5] [6] [7] single-photon source, g ͑2͒ at zero delay vanishes, in contrast to g ͑2͒ ͑0͒ Ն 1 for classical light. Recently, an ultrafast two-photon absorption-based g ͑2͒ measurement technique was employed to demonstrate photon bunching in chaotic light on a femtosecond time scale [8] . Another recent demonstration of a fast g ͑2͒ measurement, based on a photon-counting streak camera, allows monitoring the picosecond-time-scale dynamics of photon statistics in lasers [9] and photon bunching, as well as higher-order coherence up to the fourth-order g ͑4͒ [10] , given by Moreover, two-photon coherent states [11] emitted in various nonlinear processes including two-photon lasers [12] can have both super-and sub-Poissonian statistics in contrast to a Poissonian one of a one-photon laser. A fast g ͑4͒ measurement may therefore serve for characterizing photon statistics at the threshold of a twophoton laser, having a very wide bandwidth inherent in a two-photon emission process [13] . However, the time-resolution of a g ͑4͒ scheme, based on HBT interferometers only, is limited by detectors and electronics to a nanosecond scale, while the fastest previously demonstrated method is limited to ϳ10 ps by the streak camera response. Moreover, the inherently bulky streak camera design that allows the ϳ10 ps time-resolution prevents the miniaturization of such schemes.
Here, we demonstrate experimentally ultrafast partial g ͑4͒ measurements by HBT interferometry of the second-harmonic generation (SHG)-based autocorrelation. The scheme is realized by a Michelson interferometer and the SHG in a semiconductor quantum-well (QW) waveguide [14, 15] followed by an HBT setup ( Fig. 1 ), which may be further integrated in a monolithic photonic circuit. Measurements of a fourth-order coherence function g ͑4͒ allow a definitive characterization of photon-pair statistics important in quantum information processing and nonlinear quantum optics. In contrast to true single-photon sources, where vanishing g ͑2͒ ͑0͒ is a clear signature of a photon number state ͉1͘, a single-mode photonpair state ͉2͘ will result in
where a † and a are the field creation and annihilation operators, respectively. Measurement of g ͑2͒ ͑0͒ for a genuine photon number state ͉2͘ source is therefore difficult to distinguish from a statistical distribution of photon pairs. A clear signature of a photon-pair state is evident in the measurement of a vanishing g ͑4͒ ͑0͒ according to
The quantum characteristics of g ͑4͒ for a specific scheme can be analyzed by a full quantum model; however, in this Letter we analyze and demonstrate a semiclassical g ͑4͒ experiment. In the proposed g ͑4͒ scheme, the total electric field with angular frequency at the output of the Michelson interferometer is
where 1 is the time delay of the Michelson interferometer and E 1 ͑t͒ is the slowly varying time envelope of the field satisfying the condition dE 1 ͑t͒ / dt Ӷ E 1 ͑t͒. The second-harmonic (SH) field generated in the nonlinear optical device is
where E 2 ͑t͒ is the slowly varying time envelope of the SH field and SH is the SHG process efficiency. The resulting time-averaged SH intensity is
where the e i 1 and e i2 1 interference terms are filtered out by averaging. The second-order coherence is
͑7͒
where I 1 is the input intensity at . An HBT interferometer measurement on the output of the SHG results in a function of two time-delay parameters,
where 2 is the time delay of the HBT interferometer. The combined SHG-interferometry function G ͑4͒ ͑ 2 , 1 ͒ is a nonnormalized partial fourth-order coherence function with two time-delay parameters. Generally, g ͑4͒ can be defined for three independent time-delay parameters [16] . A calculation of a normalized g ͑4͒ ͑ 1 ,0͒ for a vanishing 2 results in
where the normalization for Eq. (9) is by ͗I 1 ͑t͒͘ 4 . An important result of Eq. (9) is the fact that a partial ultrafast g ͑4͒ measurement of the field is possible in our configuration for one time-delay parameter even if the other delay parameter is slow ͑ 2 ͒.
In our experimental realization of the g ͑4͒ measurement scheme, one time-delay parameter is on the scale of the optical cycle-determined by the optical delay realized by a nanopositioning translation of the Michelson-interferometer mirror-while the second time-delay parameter is relatively slow owing to the ϳnanosecond time-jitter of the Si avalanche photodiodes (APDs) in the HBT setup. However, in g ͑4͒ ͑ 1 ,0͒, the partial measurement of fourth-order coherence is on a femtosecond time scale.
We measured g ͑4͒ ͑ 1 , 2 ͒ for a mode-locked fiber laser (Optisiv), generating ϳ100 fs pulses at 1560 nm central wavelength, 37 MHz repetition rate, and up to 40 mW average power, coupled into the waveguide by a lensed fiber. The measured intensity versus Michelson-interferometer delay 1 makes a periodic contribution to the interferogram, which was filtered out by averaging. Owing to dispersion in the fiber, the pulses are broadened to ϳ440 fs, as was verified by the g ͑2͒ measurement (Fig. 2) . For a stationary source, g ͑2͒ should represent the coherence of the source. However, with an ultrafast pulse source, g ͑2͒ and g ͑4͒ are determined by the Gaussian temporal shape of the pulse. A QW structure of three 8 nm Al 0.14 Ga 0.86 As QWs with 10 nm Al 0.3 Ga 0.7 As barriers grown on GaAs having a bandgap slightly higher than twice the photon energy was used for the SHG (Fig. 2, inset) , exploiting the relatively high secondorder nonlinearity of AlGaAs [17] . The interband QW nonlinearity has a finite bandwidth [18] dependent on the line broadening that depends on temperature and the QW fabrication [19] , which may affect the time-resolution in principle; however, in our case the line broadening at room temperature was measured by photoluminescence to be ϳ30 meV, which is much wider than the laser pulse bandwidth. The output light was collected using a microscope objective, split by a nonpolarizing beam splitter in an HBT setup and subsequently detected by two Si single-photoncounting detectors. The time-interval histogram of SHG photon detections was measured using SR620 (Stanford Research Systems) time interval and frequency counter (Fig. 3) , with good agreement to theory [Eq. (9)] for 2 = 0 for our source of femtosecond pulses. Although our experiment was performed using relatively high-intensity light pulses, more optimized nonlinear devices can perform at much lower intensities, and they can be suitable for characterization of various nonclassical light sources [20] .
In conclusion, we have presented a scheme for an ultrafast partial g ͑4͒ measurement, both theoretically and experimentally, based on HBT interferometry of the SHG-based autocorrelation. The measurement scheme is realized in a Michelson interferometer, followed by SHG in a semiconductor QW structure, and a photon-counting HBT setup in a start-stop configuration. The demonstrated scheme can be integrated in a miniature photonic circuit, allowing compact characterization devices for photon-pair statistics in quantum photonics.
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